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SYMBOLS 


A = Aeronautical Engineering. 
= = Standard acceleration of gravity = 32.174 ft/sec” 
or 386 in/seo”, | 
- Standard density of dry air at sea level = ,.002378 
Lb ft 74 sec”. 
- Density of air at altitude. 
S- Areae | 
Sw- Area of wing. 
5,-Area of tail. 
V-True airspeed. 
q- Dynamic pressure = 1/2 f v". 
O-Angle of attack. 
Cyz Hinge moment coefficient due to elevator angle 
setting. 
d- Elevator angle. 
M..H-Hinge moment. 
OM, Torsional @lasticity of elevator. 
oe Blastic coefficient of spring (pounds per inch). 
J-Moment of inertia. 
iJ,- Natural frequency of oscillation of second order system. 
C- Viscous damping coefficient. 
<-Chord length ~ Appropriate subscripts added to specify 


surface. 


S- Distance travelled by airplane, measured in 1/2 wing 


chords, 





SYMBOLS 
(contd). 


B - Servomechanisms,. 


©;- Angular motion of flight gyro wiper - measured in 
degrees. 

O,,- Angular motion of servomotor cable drum - measured 
in degrees. 

6,- Angular motion of elevator = measured in degrees. 

Om; ~ Angular motion of servomotor cable drum referred to 
the flight gyro wiper, Under conditions of perfect 
motor response, 9,, = 26;. Hence @.4 = =. 

O,, -Angular motion of. elevator referred to the flight gyro 
wipere Under conditions of perfect motor response 


and no cable stretching, 6, = «4686,. Hence ®o, = 
So = 220155 a ” 
7208 . 


€£,-Angular error of cable drum from flight gyro wiper, 


Em = 84 = Gy, where quantities are vectors. 


- Transfer function, = Output of unit (vector 
nput to vector 


2 system orp coefficient 
T ee ee system critic emping coefficient 








SUNMARY 


The purpose of this investigation was to determine 
the control characteristics of an automatic pilot for aircraft, 
Toe automatic pilot used was the Minneapolis-Honeywell type 
CelA autopilot. The load applied to the autopilot consisted 
of inertia, elastic restraint, and coulomb friction, all em-=- 
bodied in a test apparatus. For the purpose of this investi- 
gation, the test apparatus was made to simlate the elevators 


of a Douglas A-26 attack bomber, Three different values of 





indicated airspeed were simulated, 200, 250, and 350 miles 

per hour. The conditions assumed were that the airplane was 

in normal flight and was not allowed to respond to the elevator 
action. 

As a result of this investigation the characteristics 
of this autopilot were determined. Increasing the indicated 
airspeed increases the torque output of the servomotor and de- 
creases the elevator shaft rotation for a given input signal. 
The resonant frequency of the system increases slightly with 
an increase of indicated airspeed. The effective damping of 
the system decreases with an increase of airspeed. The effect 
of the control cable is to decrease the menitude of the elevator 
Shaft rotation, this effect increasing as indicated airspeed 
increases. Tho automatic pilot is stable throughout the range 
of airspeeds investigated and is a satisfactory servomechanism. 

This investigation was conducted at the Massachusetts 
Institute of Technology Aeronautical Engineering Laboratory 
from June to August, 1946. 





INTRODUCTION 


Although automatic pilots for aircraft have been 
in use for many years, comparatively little data is avail~ 
aole concerning their actual performance as servomechani sus 
under the aerodynamic load conditions encountered in flight. 
Tae purpose of thia investigation was to determine the per- 
formance of a@ typical automatic pilot, and its components, 
under artificial loads calculated to duplicate those imposed 
upon the mochanism under various flisht conditions. It la 
emphasized that this investigation includes only the automatic 
pilot, the control cables, and the control surface =< censidored 
as a servomechnanism, The response of the airplene tec the re- 
Sultant oontrol surface wovement has not been included and the 
assumption has been made that the eirplans conbimes essentially 
uncnangec. along its flight path at the prescribed airspeed. 

The automatic pilet employed in this study was the 
Minneapolis-Honeywell, Typo C1lA. This pilot was selected be~ 
cause it eppears typical of the designs to be encountered in 
the future and because several concurreat investigations, using 
this autopilot in actual aircraft, are being conducted, 

Tne test assembly for the investigation was con- 
gscructed to duplicate the slevator control system of a medium 
bomber type aircreft, Since the nocessary structural ax aero- 


dynamic data for the A=86 Attack Bomber were available, the 





artificial leads were computed to simmiate closely those 
Which are encountered by automatic pilet installations in 
thai alreraft. Aerodynamic viseous dmaping forees resulting 
from elevator motion were eomputed but, due to time limita- 
tions, no viscous damper was installed on the tost assembly, 
Computations showed the relative magnitudes of these forces 
to be small. However, provision was mde for ineorporating 
this feature in future investigations by machining threads at 
the end of the elevator shaft for the viscous damper fitting, 
and by Lineluding a chart of the viscous damping coerficients 
versus true airspeed, 

it was anticipated that tho cable from the servo 
moter to the elevator horn would have considerable effect upon 
the performance of the system, Therefore, the length of cable 
and the size of the elevator horn were made to duplicate the 
corres ponding dimensions of the 4-26. 

Tne more important data required for this investiga- 
tion were the masnitude and phase relations of the elevator 
anmlar pesition, the ansuler position of the servomotor ocaitle 
dxniim, and the torque delivered at the load, to the input signal 
generated by sinusoidal movement of the flight gyro potentio-=- 
meter wiper, ‘The amplitude of this sinusoidal wiper motion was 
fixed at 7 1/2 degrees either side of mideposition end the fre- 


quengy ef motion varied from .05 to 4 cycles per second (approx. ). 





Tre transfer locus system of analysis is employed 
herein to evaluate the performance of the system as a whole, 
and to evaluate the contributions of the system componenté, 
In submitting this report, the authors pre-suyppese a fanilian- 
ity on the part of the reader with transfer loci studies, the 
Nyquist diagram and stability criteria, and trensfer functions . 
employing the LaPlace transform. To augaent the transfer leei 
plotted herein, plots of the amplitude and vhase response of 
verious system components have been made bn Cartesian coordinatde. 
This investigation was conducted in the Instrumentation 
Laboratory of the Massachusetts Institute of Techneolegy by the 


authors of this repert. 





EQUIPMENT AMD PROCEDURE 


Photographs of the equipment employed in the tests 
are previded in Figs. 1 and 2. ‘The equipment may ve grouped 
in thres major somponsnts,. Referring to the photograpns, 
group A includes the units of the recording oscillograph 
which provided timed records of the various performance Gata. 
This unit possessed twelve separate data channels, of which 
Six channels were used, Group 5 includes the necessary units 
eof the Minneapolis-Honeywell CliA antomatic pilot for conduct= 
ing the tests, Only the elevator channel of the autematic 
pilct was employed. Group ¢ is the test assombly woich simu~ 
lates the olevater control arrangement of an A-26 airplane, 
ane further prevides for imposing artificial asredynamic Loads 
On the syratem. 

In group B, (1) is the sine drive mechanism which 
moves the wiper (2) of the elevator flight gyre potentiometer 
(removed from the flight gyro unit for these tests) sinusold- 
ally through en amplitude of 7 1/2 degrees each side of the 
senter of tha potentiometer ~ or a total swing of 15 degrees. 
The position of this input wiper wes recorded by the synchro 
(3) mounted on the wiper shaft. Its output voltage was applied 
to the recording oselllegraph. The synchro was adjusted te 
previde zero voltage on the record when the input wiper was in 


mid=-position, The frequency of the input motion was adjusted 





by Varia¢ control of the sine drive electris moter, provide 
ing a frequency ranze from .05 to 4 oyoles per seco: 

The servo motor (15) which drives the contrel cable 
drum is provided with a potentiometer, the wiper of which is 
directly commected toe the cable drum shaft, The input peten- 
Fiomerer and the motor potentiomter are comoacted electrise 
aliy so that with the motor drum position matched to the input 
Wiper yosition, no error voltage 18 developed between the 
Wiperd. When the cable crum position is not matshed with the 
Luput; an error voltages is doveloved between the wipers. ‘this 
voltage 48 applied to the amplifier (4) which amplifies the 
error voltage, discriminates betwoon orrors on elther side of 
the matched condition, and energizes the correct relay (5) te 
drive the servo motor in a direction to erase the error. A 
sketch of the diserlminator circuit 1s shown in Pig. G6. ‘The 
electrical system is so arranged that one degree of motion at 
the Laput wiper results in two degrees of motion of the cable 
drums Under perfectly matched conditions, therefore, the 
cabie drum moves throuch a total swing of 30 desrees, or a 
sino amplitude of 15 degrees, 

The construction of this automatic pilot is such 
that the following action of the servo motor is not continuous. 
The action 1s better describedas a "pecking" action whereby 
the motor is driven in pulses until the error is erased. During 
thes® pulses, the motor brale is off and voltage is epolied to 


the motor terminals, Setween pulses, no voltage is applied to 





the motor terminals, and the solenolid-operated brake pre~ 
vents rotation of the cable drum. If the error exceeds a 
Sot amount, pecking action ceases and the proper relay is 
held dewn until the error has decreased to ths pecking ac~ 
tion range. The fre que ney Of pecking ie determimd by a 
time-delay network incorporated in the discriminator circuit, 

A synchro, like that installed on the Lnput potene 
tlometer, was attached to the cable drum shaft to provide a 
means of recording the serve motor response. 

in group C, the units were made to Cuplicate as 
closely as possible the more important dimensions of the A~26 
elevator assembly. ‘The cable (6) distance from servo moter 
to elevator hinge (8) and the dimensions of the elevator horn 
(7) are the same as those in the A#26, inertia woichts (9) 
were added to increase the inertia of the system to that of 
the A-26 elevator about its hinge axis, (see "Sample Calcula- 
tions"). Coulomb friction of the A-26 elevator control system 
was duplicated by adjustment of the prony brake (10) bearing 
against the friction dise (11). A viscous damper fitting (12) 
was provided at the end of tho elevator shaft. During the 
tests, no viscous damper was installed because of shortage of 
time, and because ‘the magnitudes, as developed in "Sample Cal- 
culations" and shown in Fig. 5, were deomd megligible, It 
was found that coulomb friction alone was sufficiently large to 
damp out oseéillations rapldly. However, the data of Fig. 3 has 





been included so that further testa with this equipment may 
provide the viscous damping feature, 

The elevater torsional elasticity was simulated by 
Springs (15) installed at the ents of torque arms (14) mounted 
on the elevator shaft. The springs wore fixed to the test 
waole at their lower ends. The required elastic coefficients 
of the springs were determined as shown in "Sample Calicula- 
tions", A plot of these coefficients is given in Fig. 4, Which 
was derived from the torsional elasticity computations in 
“Sample Calculations” = a plot of which is shown in Pig. 5. 

A synchro (16) was fitted to the elevator shaft to 
provide a record of the elevator position versus tim. Strain 
gauges (17) were installed on the elevator horn to provide a 
record of the torque on thé elevator versvis time. 

in order to obtain sufficient data to plet the fre- 
quency response of the system and, subsequently, to analyze the 
performance of aystem components, the following data items, 
arranged in their order of appearance (vertically downward) on 
the record (Fig. 8), were obtained: 

(a) Angular position of flight gyro potentiometer. 

(b>) Angular position of serve motor cable drum. 

(c) Moter relay closure, or times of application 
of voltage to the motor ~ and direction of 
applied voltage. 

(a2) Angular position ef elevator. 





(e) Error voltage, measured at the grid of the am-= 
plifier (7F7) tube. 

(f) Torque, measured at the elevator shaft - calibrated 
in lbs ft. as ghown in Figs 7% 


Tests were made with aerodynamic loads corresponding 
to 200, 250 and 550 miles par heur, indicated. During each of 
these tests, the input sinusoidal frequency was varied frem 
approzimetely .95 to 4 cycles per second and similtansgous valies 
of the data listed above were recorded by the oscillogreph. 
Upon completion of the tests, the oscillograph records were 
developed, printed, and data was taken from them for entry en 
the enclosed data sheets, 





RESULTS AND DISCUSSION 


The results obtained in this investigation are very 
satisfactory. The virtual absence of "wild" readings is 
directly attributable to the excellent performance of the re- 
cording oscillograph. For the conduct of experiments or 
tests where many quantities must be similtaneously recorded, 
the advantages of this instrument in accuracy, and in saving 
time and labor, are great. 

Results are graphically presented in Figs. 10 through 
zo and are tabulated in Tables I through IX. Figs. 10 and ll 
are plots of the amplitude and phase response, respectively, of 
the servomotor (measured at the cable drum) and the elevator, 
with an airspeed of 200 mph (ind). It is seen that et frequen- 
cies below 0.5 cps the amplitude response of the servomotor is 
practically constant at a value of 0.88. In this same frequency 
range, the elevator amplitude response is similarly constant 
but with a value of approximately 0.6. It will be noted from 
Fig. 11 that the phase lags of the servomotor and the elevator 
are identical and that this lag increases almost linearly with 
frequency in the low frequencies, At the frequency is in- 
creased, the amplitude response rises gradually to a peak value 
of 0.965 for the servomotor and 0.708 for the elevator, ‘at a 
resonant frequency of approximately 1.04 cps. The phase angle 
continues its gradual rise until the resonant frequency is ap- 


proached, when it rises sharply, swings rapidly through the 





resonance, the amplitude responses of both servomotor and 


elevator drop off sharply and then asymptotically approach 
a 


zero - with values at the highest recorded frequency (2.9 cps) 


of .200 and .175 respectively. 


Figse 12 and 135 are the amplitude and ‘phase response 
curves, for an airspeed of 250 mph (ind). Figs. 14 and 15 are 
— } 


similar curves for an airspeed of 350 mph (ind). These curves 
have the same general configuration as the curves of Figs. 10 ~- 





ll described above, although the constant amplitude re- 
sponse at low frequencies is no longer present. The 250 mph 
curves show that the amplitude responses are smaller, through- 


out the total frequency range, than that for 200 mph, with peak 





amplitude response for the motor at .950 and for the elevator 
at 622. 

A further decrease in the general amplitude response 
is apparent when the airspeed is increased to 350 mph. Peak 
amplitude responses become .893 for the motor and .433 for the 
elevator. The phase lag decreases slightly with increased air- 
speed, while the resonant frequencies increase to 1.25 cps at 
290 mph and 1.28 cps at 350 mph. 

Figs. 16, 17, and 18 combine the information pre- 
sented in Figs. 10 through 15 and present it in polar form. 
Fig. 19 shows the transfer loci of the aitomatic pilot at 200, 
200 and 350 mph. These are plots of the transfer functions of 





the autopilot, obtained by vectorially dividing tt 
— output by the error between the input wiper and the 
cable drum. 
Figs. 20, 21, and 22 show the magnitudes of torque 


developed at the elevator hinge at the three airspeeds em- 


ployed, plotted against frequency. The phase lag of the 
torques is presented in the same figures. 


Fig. 23 is a plot, on Cartesian coordinates, of the 





effect of cable stretching at each airspeed, The values 
plotted are the values of the transfer function of the cable 
at various frequencies. 

Fig. 24 is a reproduction of a typical data record 
obtained by the oscilloscope. The smallest timed line spacing 
is .Ol seconds, Calibration data for the oscilloscope is given 
in Table X. 

A comparison of Figs. 10, lz, 14, 16, 17, and 18 
shows that as the load, 1.6., the simlated airspeed, is in- 
creased,the output angle at the elevator shaft becomes smaller 
for a given input signal. For a given load the output ampli- 
tude is not a constant but varies with the frequency of the 
input. There is a greater difference in response between any 
two loads at low frequencies than at high frequencies, This 
is attributed to the fact that the load consisted of inertia, 
@lastic restraint, and coulomb friction. Changes of load were 
accomplished by changes of elastic restraint, the inertia and 


coulomb friction remaining unchanged. At low frequencies the 












governing factor of the load is the elastic restraint and at 


high frequencies the governing factor is the inertia. There -_ 






fore, larger changes in the response at low frequencies are to 


be expected while only minor changes in the response are to be 





expected at the higher frequencies, 


‘ - The motor output to signal input ratio is always 





less than unity at low frequencies, When operating near the 





minimum error voltage level the peck duration is a furction 
of the amount of error. The amount of torque delivered by the 
motor is a linear function of the peck duration. Therefore, 
the torque output is a function of the amount of error. For 
stiff loads with consequent high torques to be overcome, a 
greater minimum error is required at low frequencies, ™ 

The fact that the motor output to signal input ratio 
is always less than unity at very low frequencies can be ex- 
plained by the fact that the autopilot does not have a zero 
position error. This fact is illustrated in Fig. 19. Fora 
zero position error, the loci would approach the - jw axis 
asymptotically. A minimum voltage error must exist before the 
relays can operate. This voltage level exists independently 
of load and can be considered dead space. 

The elevator shaft output to signal input ratio curve 
is similar in shape to the motor output to signal input ratio 
curve. The curves would be identical if the motor and elevator 


Shafts were rigidly connected. The difference between the two 





13. 


curves is then caused by the cable connecting the two shafts. 
Fig. 23 shows a plot of the transfer locus of the cable. If 
the motor output to signal input ratio is multiplied by the 
amplitude ratio from Fig. 23, the elevator shaft output to 
signal input ratio is obtained. 

The amplitude ratio curves, Figs. 10, 12, and l4, 
show definite resonance effects and a falling off of response 
at higher frequencies, The resonant frequency increases 
slightly with increase of load. ‘The average resonant frequency 
obtained was about 1.2 cycles per second. The resonant effect 
becomes more marked as the load increases. This indicates that 
the effective damping is less for larger loads. 

Figs. 11, 13, and 15 show the phase response of the 
motor shaft and elevator shaft outputs. Since there is a zero 
phase shift occurring in the cable, the motor and elevator shaft 
output phase angles are the same. These curves show that the 
resonant frequency increases for an increased load and that the 
average resonant frequency obtained for the loads used was 
about 1.2 cycles per second. Other than changing the resonant 
point slightly, the load appears to have little effect upon the 
phase response. Increasing the load decreases the phase angle 
slightly. 

Tne torque applied to the elevator shaft is show in 
Fige 20, 21, and 22. A comparison of these three curves shows 
that as the load increases ths torque applied to the load in- 

















ere ases, All curves have a definite resonance effect wi th 


the resonant frequency increasing slightly with load. The 


average resonant frequency was about lec cycles per second. 
_ ‘The Phase angle of the torque at the load is essentially un- 


changed by changes of load. In all cases the phase of the 
torque leads the phase of the elevator shaft angle. 
-_ 





cable for the three different loads used. ‘The cable used for 
this investigation was a 3/32 inch flexible wire cable with 





an initial tension of about sixty pounds. This corresponded 
to an ambient temperature of about seventy degrees Fahrenheit. 
Previous to the investigation for this report, a series of runs 
were made with a 1/8 inch extra flexible wire cable. From the 
results of these two series of runs it appears that decreasing 
the size of the cable, increasing the elasticity of the coupling, 
also decreases the torque and the output angle at the elevator 
shaft for a given input. The curves of Fig. 23 were obtained 
by dividing the output of the cable, elevator shaft rotation, 
by the input to the cable, motor shaft rotation. The cable 
effect seems to be a scalar effect since the phase angle re-~ 
ned zero throughout. However, the cable exerted an effect 
which does not appear as a phase angle. This effect was in 
causing the elevator output angle to appear distorted from a 
Sinusoidal variation. The oscillation began at the same time 
that the motor shaft oscillation began, but the maximum ampli- 
tude occurred at a later time than the motor shaft maximum am- 


pli tude. 











0097 


15. 


Tne viscous damping coefficients that are applicable 
to the various airspeeds used are shown in Fig. 3. No viscous 
damping was intentionally introduced in this test apparatus 
since the effect was considered almost negligible and because 
of a shortage of time available for the investigation. Coulomb 
friction was introduced into the apparatus, however, and was 
set to give a force of ten pounds in the control cable, This 
friction caused an effective damping ratio, G » to appear. 

The natural frequency of the system is 1.6 cycles 
per second as found from Fig. 19. Figs. 10, le, and 14 show 
that the resonant frequencies for the various loads are 1.04, 
1.25, and 1.28 cycles per second respectively for the 200, 250, 
and 550 miles per hour conditions. With this inform tion and 
Plate 12, Chapter VII, Instrument Analysis (Draper and McKay), 
the damping ratios can be computed. Using this technique, the 
damping ratios are 0.54, 0.36, and 0.34 for airspeeds of 200, 
200, and 350 miles per hour respectively. This was expected 
since the same amount of coulomb friction would have less effect 
on large loads than on small loads. The natural frequency as 
calculated by this method is again 1.6 cycles per secom. 

Fige 19 shows that the system is stable throughout 
the entire range of airspeeds investigated. Instability would 
be denoted by enclosure of the - 1 + j O point within the trans- 
fer locus. Referring to this figure, the system shows suffi- 
cient stability. The sensitivity of the system could be increased 


by a fector of 35.86 : 1 before instability would occur for the 





range of airspeeds investigated. This increased sensitivity 
would result in an increasing ratio of elevator shaft rota- 


tion to signal input at resonance. 


le, 





‘7. 


CONCLUSIONS 


An analysis of the results of this investigation 


substantiates the below-stated conclusions of the general 


control characteristics of the Minneapolis=-Honeywell type C=-1lA 


automatic pilots 


(1) 


(2) 


(3) 


The “autopilot" is a satisfactory servomechanism 
with ample stability. The resonant frequencies 
are sufficiently high that no resonance effect 
will be encountered during normal flight opera- 
tions. The use of a series wound D.C. motor 
controlled by relays with "pecking" action closely 
xppverinasve a proportional servo and appears to 
be an excellent design practice in view of the 
weight saving accomplished, 


At low frequencies the response of the servo motor 
js appreciably affected by the load stiffness. An 
increase in load stiffness, i.e., indicated air- 


speed, decreases the amplitude of the response. 


i 


At very high frequencies the response is governed 
principally by the load inertia and is only very 
Slightly affected by the load stiffness. The 
frequencies of normal application are well below 


this range. 





(4) 


(5) 


(6) 


(7 ) 


18. 


The torque output of the motor is proportional 

to the motor matching error for small angles of 
matching error after "pecking" action starts. 
When outside this small linear range the torque 
output is governed by the torque-speed character- 
istics of the servomotor, Motor torque output 

is increased by an increase of load stiffness 


or a decrease of input frequency. 


The servo has a "zero dead space" and is not a 
zero positional error servomechanism. The mag- 
nitude of this dead spage is a function af the 
voltage sensitivity of the potentiometer and of 
the current sensitivity of the relays. The dead 
space could be reduced by increasing either of 
these sensitivities, 


The elastance of the coupling between the motor 
and the elevator shaft has a detrimental effect 
on the overall servomechanism performance, This 
effect becomes greater as torques become greater 
or as the load to motor coupling becomes less 


rigid. 


Coulomb friction caused the system to have an é6f- 
fective damping ratio, ES « The effective damping 
ratio decreased as the indicated airspeed was in- 


creased. The resonant frequency also shifted, 


(8) 


19, 


increasing as the indicated airspeed was ine 


creased. 


The system natural frequency was so governed 
by the amplifier and motor characteristics that 
it remained constant at 1.6 cycles per second 


independently of load stiffness. 





Ao, 


RECOMMENDATI ONS 


The below recommendations are divided into two 
main groups. Group A is recommendations for improving the 
control characteristics of the "autopilot", while Group B 
4s recommendations for further investigations. 

A - Recommndations for improving the control character- 
istics, 

(1) Increase the sensitivity of the A.C. bridge 
potentiom ters. 

(2) Redesign the relays to be more sensitive and 
to provide larger contact areas, 

(3) Incorporate an integral effect for the relays 
by making the "peck" duration a function of 
the magnitude of the error am the length 
of time that the error has existed. 

(4) Minimize the elastic effect of the cable by 
using gears, multiple cables, or putting 
an AeC. bridge potentiometer on the output 
shaft. 


B - Recommendations for further investigations. 
(1) The input signal amplitude should be kept to 
& maximum value of about 2.0 degrees. 
(2) Investigate the no load frequency response 
of the servo motor, 
(3) Determire the torquesspeed characteristics 


of the servo motor, 





(4) 


(5) 


(6) 


(7 ) 


at. 


Make a series of tests using a series of 
values of elastic coupling between motor 
and load. 

Investigate the control characteristics with 
the motor potentiometer installed on the 
elevator shaft. 

Incorporate a viscous damper on the elevator 
shaft. 

Investigate the response at frequencies bracket- 


ing the natural frequency of the output load. 
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